Abstract. Studies have shown that single-prolonged stress (SPS) can induce the apoptotic process in the amygdala. in the present study, we aimed to detect expression of phosphorylated p44/42 extracellular signal-regulated kinase (perK1/2) and apoptosis-related Bax and Bcl-2 and apoptotic cell death in the amygdala region in SPS rats as well as the relation between perK1/2 and apoptosis. a total of 75 male Wistar rats were randomly divided into control, SPS and Pd98059-SPS groups. rats in the SPS and Pd98059-SPS groups were treated with the SPS procedure and were injected with solvent or Pd98059 (an inhibitor of erK), respectively, into the amygdala 30 min before exposure to SPS. The expression of perK1/2 was detected using immunohistochemistry and Western blotting. The expression of Bax and Bcl-2 was detected using Western blotting and rT-Pcr; Tunel-staining was employed for the detection of apoptotic cells in the amygdala. The results showed that the expression of perK1/2, the ratio of Bax/Bcl-2 and the TUNEL-positive cell rate significantly increased in the SPS group. after the rats were infused with Pd98059, these indices were abolished. in the SPS rat brain, we found that the apoptotic process in the amygdala region was induced by perK1/2, and this may be related to the abnormal function of the amygdala in post-traumatic stress disorder.
Introduction
Post-traumatic stress disorder (PTSd), a stress-related mental disorder, develops after endurance of a life-threatening traumatic experience and consists of re-experiencing, avoidance, numbing and hyperarousal. Various brain regions, particularly the medial prefrontal cortex (mPFc), hippocampus and amygdala, are involved in the pathophysiology of PTSd.
The amygdala, one of the key regions in the limbic system of the brain, has been documented to play an important role in emotional memory, such as fear or rage (1) . it has been well-documented that the amygdala undergoes abnormal functioning in PTSd (2) (3) (4) , and a serial of behavioral changes in PTSd may be due to the amygdala (5) . Studies have shown that the volume of the amygdala decreases during PTSd (6) (7) (8) , and our recent study demonstrated that the apoptotic process in the amygdala region may be related to the pathogenesis of the abnormal function of the amygdala in PTSd (9) .
The extracellular signal regulated kinase (erK) is highly sensitive to stress and is closely associated with cognitive and mood processing (10) (11) (12) . it is well-established that stress exposure activates the erK1/2 signaling pathway (11, 12) , and it has been speculated that the erK signaling pathway in the lateral amygdala is involved in anxiety (13, 14) . Generally, activation of erK1/2 promotes cell survival; however, under certain conditions, erK1/2 exhibits pro-apoptotic functions (15) . Bax, one of the pro-apoptotic proteins, and Bcl-2, one of the anti-apoptotic proteins, play a crucial role in the control of apoptotis (16, 17) . in addition, the Bax/Bcl-2 ratio appears to be a critical threshold parameter for apoptotic events (18) .
Single-prolonged stress (SPS), one of the animal models proposed for PTSd (19) , was shown to induce enhanced inhibition of the hypothalamic-pituitary-adrenal (HPa) axis, which is a putative neuroendocrinological hallmark of PTSd. rats that experience SPS also exhibit behavioral abnormalities (enhanced anxiety) that mimic the symptoms of PTSd (20, 21) . expression of Bax/Bcl-2, the number of apoptotic cells and the number of Tunel-positive cells were found to be induced by SPS (9) . However, whether the erK1/2 pathway is activated during SPS in the amygdala and its role in PTSd induced by SPS are not as yet clear. in the present study, we aimed to determine changes in the perK1/2 level and the effects of erK1/2 on the expression of Bax/Bcl-2 and apoptosis in the amygdala of SPS rats.
Materials and methods
Experimental animals. a total of 75 male Wistar rats (weighing 180-220 g) purchased from the experimental animal center of north china coal Medical university were used in this study, and all rats were reared in the experimental animal facility for a week to acclimatize the aminals to the Role of phosphorylated ERK in amygdala neuronal apoptosis in single-prolonged stress rats new environment (temperature, 18-20̊C; humidity, 50-60%; lights on, 07:00-19:00) before the exprement. Standard food pellets and tap water were available ad libitum. all procedures followed the national Guidelines on animal care.
Drug infusion procedures.
Before intra-amygdala administration, the rats were cannulated under pentobarbital anesthesia (40 mg/kg, i.p.), bilaterally in the amygdala region according to the atlas (22) . Pd98059 (Sigma, uSa), an inhibitor of erK, was dissolved in dimethyl sulfoxide (dMSo) (100 mM) and stored at -20̊C. The solution was diluted to 1 mM with 0.01 M PBS before use. Bilateral intra-amygdala infusions of the solution were designed using 30-gauge injection needles connected to a 5-µl Hamilton microsyringe by polyethylene tubing. The tip of the injection needle was placed 4.0-mm ventral to the skull surface. a volume of 0.5 µl was administered for 2 min to each side of the amygdala followed by an additional 2-min waiting period before the injection needles were extracted. after infusion, the animals were returned to their cage. The control rats received equal amount of solvents.
Group assignment and SPS procedure. The rats were randomly divided into three groups: the control, SPS and Pd98059-SPS groups. The rats in the SPS and Pd98059-SPS groups were treated with the SPS procedure, and solvent or Pd98059, respectively, was injected into the bilateral amygdala 30 min before exposure to SPS. The control rats were administered an equal volume of solvent into the amygdala. The model of PTSd was carried out by SPS according to a previous report (23) . The rats were restrained for 2 h and then forced to swim for 20 min (24̊C), followed by ether anesthesia. They were then allowed to remain in their home cages without interference until they were euthanized 1 h or 7 days after exposure to SPS. The control rats lived in their individual home cages with no handling and were euthanized after 1 h or 7 days. each group consisted of 25 rats; 5 rats were used for immunohistochemical analysis, 10 for Western blotting (erK1/2 or Bax/Bcl-2), 5 for reverse transcriptase polymerase chain reaction (rT-Pcr) and 5 rats were used for Tunel.
Brain tissue preparation and immunohistochemical analysis of pERK1/2. one hour after exposure to SPS, 5 rats of each group were transcardially infused with 200-300 ml of pre-cooled saline through the ascending aorta, followed by 300 ml of 0.01 M PBS (pH 7.4) containing 4% pre-cooled paraformaldehyde. The whole brains were rapidly removed after perfusion fixation with 4% paraformaldehyde in 0.01 M PBS. Samples were dehydrated in alcohol, paraffin-embedded and sectioned (5 µm). The sections were incubated with 10% normal goat serum for 30 min at 37̊C and antibody I (mouse monoclonal anti-perK1/2 antibody; cell Signaling, Beverly, MA, USA; 1:200 dilution) overnight at 4̊C and antibody ii (goat polyclonal anti-mouse igG; Boster Biological Technology Ltd., China; 1:200 dilution) for 1 h at 37̊C. The sections were then incubated with the avidin-biotin peroxidase complex (Boster Biological Technology ltd; 1:200 dilution) for 1 h at 37̊C, and immunocomplexes were finally visualized with 0.05% DAB. Each slide was randomly selected from five visual fields in the amygdala (x40). We recorded the optical density (OD) of the positive cells in each field to evaluate the average od. The od values of the immunoreactivity of perK1/2-immunopositive cells were analyzed using a MetaMorph/dPio/BX41 morphology image analysis system.
Western blotting of pERK1/2, Bax and Bcl-2. one hour and 7 days after exposure to SPS, 5 rats of each group were sacrificed to determine pERK1/2 and Bax/Bcl-2, respectively, by Western blotting. The brains were removed, and the amygdala was dissected according to the atlas (22) . Tissue samples were homogenized in an ice-cold lysis buffer containing 5 mM EDTA, 1% SDS, 1% NP-40, 0.5% sodium deoxycholate, 10 mM CHAPS, 1% Triton X-100, 0.25 mM PMSF, 5 µg/ml leupeptin and 50 mM Tris-Hcl (pH 8.2). crude homogenates were incubated on ice for 30 min and centrifuged at 15,000 x g for 30 min at 4̊C. The supernatant was collected for protein assay and stored at -70̊C. Samples (30 µg of protein per lane) were separated on 10% SDS-PAGE and transferred onto PVdF membranes. The membranes were blocked in blocking solution (5% skimmed milk, 10 mM Tris-HCl, 100 mM NaCl, 0.01% Tween-20) for 2 h at room temperature and immersed in the mouse monoclonal anti-perK1/2 antibody (1:1000) overnight at 4̊C. Membranes were washed thrice for 10 min each in TBST (10 mM Tris-Hcl, 100 mM nacl, 0.01% Tween-20) and incubated for 2 h with the horseradish peroxidase-conjugated secondary antibody, goat polyclonal anti-mouse igG (1:2500). after the membranes were washed, the specific bands were detected by the ECL system (amersham Pharmacia Biotech, Buckinghamshire, uK).
Western blotting for total ERK1/2, Bax, Bcl-2 and β-actin were performed in the same way. The bands were analyzed by the Gel image analysis system (Tanon 2500r, Shanghai, china). each perK or Bax (Bcl-2) band was normalized with total ERK1/2 or β-actin, respectively, and the values were expressed as a ratio of the intensity.
Total RNA extraction and RT-PCR for Bax and Bcl-2 mRNA.
Total rna was extracted from the amygdala using Trizol (invitrogen, uSa). one microgram of total rna was reversetranscribed into cDNA. cDNA was amplified using a RNA Pcr kit (aM Ver. 3.0, Takara Bio, otsu, japan). The primers of Bax, Bcl-2 and β-actin were designed by Primer Premier 5.0 software and synthesized by Sangon Biotech limited co.
(Shanghai, china). The primer sequences were: Bax, 5'-TTc aTc caG GaT cGa Gca Ga-3' (upstream primer) and 5'-Gca aaG Taa aGG caa cG-3' (downstream primer); Bcl, 5'-cTG GTG Gac aac aTc GcT cTG-3' (upstream primer) and 5'-GGT cTG cTG acc Tca cTT GTG-3' (downstream primer); β-actin, 5'-ATC ACC CAC ACT GTG ccc aTc-3' (upstream primer) and 5'-aca GaG Tac TTG cGc Tca GGa-3' (downstream primer). Their product size was 263, 228 and 542 bp, respectively. The amplification profile included i) denaturation at 94̊C for 5 min, ii) 36 additional cycles at 95̊C for 30 sec, 60℃ for 50 sec, 72̊C for 45 sec (for Bax gene), 32 additional cycles at 95̊C for 30 sec, 62̊C for 50 sec, 72̊C for 40 sec (for Bcl-2 gene), and iii) extension at 72̊C for 8 min. The PCR products were separated on 1.5% agarose gel by electrophoresis, and the density of each band was analyzed using the Gel image analysis system. The levels of Bax and Bcl-2 mrna were normalized to β-actin.
TUNEL staining. Sections were washed three times (5 min each) in 0.01 M PBS, and permeabilized in proteinase K for 10 min. Endogenous peroxidase was deactivated by 0.3% hydrogen peroxide. after washing three times once more, the sections were incubated with TDT at 37̊C for 1 h and incubated with the antibody at 37̊C for 1 h. Sections were stained by daB after hematoxylin post-staining, mounted and observed under a light microscope. Five slides were randomly selected from each group, and each slide was randomly selected from five visual fields (x40) in the amygdala. The number of Tunel-positive cells was counted. The Tunelpositive cell rate = (number of Tunel-positive cells/total cells) x 100%.
Statistical analysis. all values were presented as the means ± standard error of means (SeM) and were analyzed using SPSS11.5. Statistical significance was determined by one-way analysis of variance (anoVa), followed by Tukey's test when appropriate. a P-value <0.05 was considered to indicate a statistically significant difference.
Results
Immunohistochemical staining of pERK1/2. The immunohistochemical staining results are shown in Fig. 1 . The od of the perK1/2-positive cells in the control group was low, while that in the SPS rats was significantly increased (P<0.01). After the rats were infused with Pd98059, the od in the amygdala was significantly decreased (P<0.01).
Western blot analysis for pERK1/2. The result of the Western blot analysis of perK1/2 is shown in Fig. 2 . The perK1/2 proteins were detected in two bands at 42/44 kda (Fig. 2a) .
The density of the pERK1/2 bands significantly increased in the SPS rats (P<0.01), 2-3 times when compared with that of the control rats (P<0.01) (Fig. 2B) . after the rats were infused with Pd98059, the SPS-induced erK1/2 hyperphosphorylation in the amygdala was significantly decreased (P<0.01) (Fig. 2B) .
Western blot analysis of the Bax/Bcl-2 ratio.
The result of the Western blot analysis of the Bax/Bcl-2 ratio is shown in Fig. 3 .
The result showed that the ratio of Bax/Bcl-2 significantly increased in the SPS rats (P<0.01). after the rats were infused RT-PCR analysis of Bax and Bcl-2 mRNA. The result of the rT-Pcr analysis of Bax and Bcl-2 mrna is shown in Fig. 4 . The result of RT-PCR showed a significant increase in the SPS group compared with the control group (P<0.01). The ratio of Bax/Bcl-2 was found to significantly increase in the SPS rats (P<0.01). after the rats were infused with Pd98059, the SPS-induced increased ratio of Bax/Bcl-2 in the amygdala was significantly reduced (P<0.01) (Fig. 4) .
TUNEL staining. The Tunel-positive cell rate of each group is shown in Fig. 5 . Positive cells were rarely detected in the amygdala of the control group. in contrast, the number of Tunel-positive cells was higher in the amygdala of the SPS rats (P<0.01), and Pd98059 reduced the positive cell rate (P<0.01).
Discussion
PTSd exhibits four major types of characteristic symptoms: re-experiencing, avoidance, numbing and hyperarousal, suggesting a heightened fear response. PTSd is thought to involve a dysregulation of mPFc and amygdala activity in response to fear. Some brain regions, particularly the amygdala and the hippocampus, are involved in the pathophysiology of PTSd. The amygdala is the main output center for the response to fearful stimuli (24) and has been documented to be responsible for enhancement of explicit memory associated with emotional arousal (25, 26) . The hippocampus is another major component of the limbic system. The amygdala is closely related to the hippocampus, and the clinical course of PTSd is driven by pathophysiological changes in these brain regions. The basolateral nucleus is the largest subregion in the amygdala (27) . it is the key region of fear initiation. in this study, we selected the amygdala as the region of interest in which to study PTSd and focus on observing changes in the basolateral nucleus.
abundant evidence suggests that the volume of the amygdala in PTSD is significantly smaller (6, 8) . However, the cause for this decrease in the amygdala volume during PTSd is unclear. ding and co-researchers detected the expression of apoptosis-related genes and observed morphological changes in the amygdala neurons of PTSd rats (9) . apoptosis is regulated by different classes of proteins including pro-apoptotic protein Bax and anti-apoptotic protein Bcl-2. The Bax/Bcl-2 ratio appears to be a critical threshold parameter for apoptotic events (18, 28) , and Tunel-staining demonstrates cellular apoptosis.
in the present study, we investigated the relationship between apoptosis and erK hyperphosphorylation induced by SPS. The results showed that erK1/2 phosphorylation in the amygdala was significantly increased in the SPS rats, suggesting the involvement of the erK signal transduction pathway in the response to stress. in other words, erK phosphorylation can be induced by SPS. Another significant finding of this study is that the Bax/Bcl-2 ratio and TUNELpositive cell rate in the amygdala increased after the rats were exposed to SPS, suggesting that amygdala neuronal apoptosis is induced by SPS. apoptosis might play an important role in the decrease in the volume of the amygdala by PTSd. Moreover, this study showed that the increase in apoptosis induced by SPS was significantly reduced by PD98059, an inhibitor of erK. erK phosphorylation may be one of the factors that induces amygdala neruonal apoptosis.
in conclusion, we demonstrated the occurrence of apoptosis in the amygdala and found that it was associated with erK1/2 phosphorylation. The results suggest that the erK signal transduction pathway and apoptosis may play an impor- n=5 for each group. Statistical analysis was carried out by one-way anoVa (F (2, 12) =22.740, P<0.01) followed by Tukey's test, ** P<0.01 compared to the control group, # P<0.05 compared to the SPS group. Figure 5 . Tunel-positive cell rate in the amygdala. n=5 for each group. Statistical analysis was carried out by one-way anoVa (F (2, 12) =47.861; P<0.01) followed by Tukey's test, ** P<0.01 compared to the control group, ## P<0.01 compared to the SPS group.
A B tant role in PTSd. detailed mechanisms of the erK signal system and apoptosis in the pathophysiology of stress-related disorders warrant further investigation.
